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Abstract

Purpose: Signal voids caused by metallic needles pose visualization and monitoring challenges 

in many MRI applications. In this work we explore a solution to this problem in the form of an 

active shim insert that fits inside a needle and corrects the field disturbance (ΔB0) caused by the 

needle outside of it.

Methods: The ΔB0 induced by a 4mm OD Titanium needle at 3 Tesla is modeled and a 2-coil 

orthogonal shim set is designed and fabricated to shim the ΔB0. Signal recovery around the 

needle is assessed in multiple orientations in a water phantom with four different pulse sequences. 

Phase stability around the needle is assessed in an ex-vivo porcine tissue dynamic gradient echo 

experiment with and without shimming. Additionally, heating of the shim insert is assessed under 

8 minutes of continuous operation with 1A current and concurrent imaging.

Results: An average recovery of ~63% of lost signal around the needle across orientations 

is shown with active shimming with a maximum current of 1.172 A. Signal recovery and 

correction of the underlying ΔB0 is shown to be independent of imaging sequence. Needle-induced 

phase gradients outside the perceptible signal void are also minimized with active shimming. 

Temperature rise of up to 0.9° Celsius is noted over 8 minutes of continuous 1A active shimming 

operation.

Conclusion: A sequence independent method for minimization of metallic needle induced signal 

loss using an active shim insert is presented. The method has potential benefits in a range of 

qualitative and quantitative interventional MRI applications.
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INTRODUCTION

Susceptibility artifacts caused by metallic needles present challenges in several MRI 

applications1-5. Magnetic susceptibility differences between metal and tissue induce 

significant field perturbations (ΔB0) and cause intravoxel signal loss, distortions and 

signal pileups around the needle1-5. In MR-guided biopsies, artifacts obscure targets, vital 

anatomies, landmarks and the actual device position6-16. In MR-guided brachytherapy, they 

cause inaccuracies in treatment planning, pellet placement and dose calculation17-19. In MR-

guided radiofrequency20, microwave21 and cryo-ablations22-24, artifacts hinder qualitative 

and quantitative phase-based monitoring of therapy25. Applications of simultaneous 

electrophysiology with MRI are also limited by artifacts around the metal electrodes that 

prevent accurate localization of the electrodes and acquisition of MR signals from their 

immediate vicinity26,27.

Needle artifacts have been characterized in several studies in the past 4,28,29. Glass and 

plastic needles with lesser artifacts have been presented, but they are prone to bending 

and breaking5. One proposed solution was to coat paramagnetic titanium with diamagnetic 

bismuth to produce a composite material needle30. Carbon fiber needles have also been 

shown to produce low susceptibility artifacts31,32. Imaging techniques designed to better 

image around metal implants such as MAVRIC33-36, SEMAC37, VAT3 or MARS3,38-40 may 

also be applied to image around needles. However, a majority of these sequences are time 

consuming and SAR intensive and not ideal for applications where rapid and repetitive 

imaging is important for tracking of instruments, targeting of moving organs or continuous 

quantitative monitoring. Therefore, a compensation method that tackles the issue at the 

source, i.e., the needle, could be significant in enabling imaging with a variety of sequences, 

at high frame rates and higher fields.

The goal of this work is to explore a solution to this problem in the form of a multicoil active 

shim insert that is designed to fit inside the metallic needle and produce a field that corrects 

the ΔB0 outside of it. In our earlier work, we presented modelling studies to demonstrate 

the correction of the ΔB0 around a 10-gauge titanium needle41. In this paper, we present the 

fabrication of a shim insert and correction of the signal void artifact around a titanium needle 

at 3 Tesla. Signal recovery and correction of the underlying ΔB0 across different imaging 

sequences and needle orientations is demonstrated. Phase stability around the needle is also 

assessed in a dynamic gradient echo experiment. The benefits, design challenges and safety 

concerns of actively shimmed needles are discussed.

METHODS

Simulations

The needle induced field, shim coil paths, shim coil fields and field shimming were first 

simulated to estimate the expected corrections and required shim currents. The scanner’s 

coordinate frame was defined as XM : up-down, YM : left-right and ZM : in and out of the 

bore (also the scanner’s B0 axis). Rotations about the axes were defined in the left-handed 

system and denoted by three values in degrees. Without any rotations (0,0,0-degree), the 

needle was oriented vertically with the beveled tip pointing down along -XM (Figure 1a). We 
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have reported shimming simulations in detail in our earlier work41, and a similar procedure 

was followed here. Shim coils were simulated for a 4/3 mm OD/ID, hollow Titanium needle 

with a 30° single-sided bevel at the tip (Volume Susceptibility: χ = 182*10−)42 with water 

inside and around it (χ = −9.05*10−6)42 at 3 Tesla. 18 candidate shim coil sets comprising 

of 2 orthogonal coils, CN0 and CN90, were defined to fit inside the needle. For all coils, 

a radial clearance of 0.25 mm from the inner radius of the needle was included to allow 

space for insulation. Also, a separation of 0.4 mm (one wire diameter) along the needle’s 

length was included between CN0 and CN90 to minimize conductor overlap. Shimming 

performance was evaluated by fitting the needle induced fields with each of the 18 coil pair 

fields for four needle orientations: (0,0,0), (90,0,0), (0,−90,0) and (90,−90,0) degrees with a 

±1.5 A constrained least squares fit in Matlab and the combination with the lowest summed 

shimmed to unshimmed ΔB0 ratio over all four orientations was selected as the final tip 

path41.

Based on these simulations, a ½ turn loop angled at the bevel angle 6 mm from the tip was 

chosen as the best CN90 design in combination with a split 2 path CN0 loop placed 4.2 mm 

from the tip (Figure 1a). All experiments were performed with this design.

Hardware

Needle and Shim Insert Fabrication—A needle was fabricated from a 15 cm long 4/3 

mm OD/ID hollow titanium tube with a 30° single-sided bevel on one tip. For mounting 

the shim coils, a 2.5 mm diameter, 16 cm former with a bevel was designed in Solidworks 

(Dassault Systemes, MA, USA). Orthogonal, 0.5 mm diameter wire slots were incorporated 

in the former according to the simulated CN0 and CN90 wire paths. For the CN0 coil, the 

slot was widened to a width of 1.0 mm to hold two 0.4 mm conductors instead of one. This 

design modification eased the fabrication of the split in the CN0 coil. Each leg of the coil 

therefore carried half of the supplied CN0 current. (Figure 1b).

The insert was 3D printed (ProJet 3500 HD Max, 3D Systems Inc, USA) and the wire slots 

were cleaned and cleared with acetone. 26-gauge enameled copper wire was placed into the 

slots by hand, and a single layer of kapton tape was wrapped around the insert for insulation. 

The insert was then slid inside the needle and the bevels aligned with each other (Figure 

1c). A holder with a compartment for shim wire connections was 3D printed (CR10 PLA 

printer, Creality 3D, China, Figure 1d) and the needle was tightened into a central bore hole 

in the holder. Inside the holder, the shim wires were connected to 20 feet long twisted cable 

that were guided through the holder handle. A pair of low profile 127 MHz RF chokes48 

were placed in line along each current path to minimize induced currents during RF transmit 

pulses.

Experiments

All experiments were performed on a Philips 3 Tesla Elition scanner with a 2-channel 

body RF transmit coil and a 16-channel head and neck receive coil (Philips Healthcare, 

Eindhoven, Netherlands). Two 15 cm diameter cylindrical phantoms with domes that 

allowed needle insertions at different angles were designed and printed using the PLA 

3D printer (Figure 1e). The first phantom had insertion guide holes only in the dome and 
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was used for tap-water experiments. The second phantom had guide holes along the sides 

and a screw top and was used for an ex-vivo porcine tissue experiment. The shim coils 

were supplied by a 2-channel constant current power supply (KeySight E3631A, Keysight 

Technologies, CA, USA, 6V/±5A, 25V//±1A).

Shim Coil Heating Tests—Incorporating current carrying conductors inside a needle 

introduces the possibility of added temperature rise due to resistive and RF induced 

heating49. To assess this, we performed tests of needle and shim coil heating according 

the ASTM-F2182 standard50. The setup of the heating experiment is shown in Supporting 

Information Figure S3. A 65 x 42 x 9 cm3 polyacrylic acid - NaCl phantom with needle 

holders was fabricated for the experiments. The average electrical conductivity of the 

phantom measured over four different locations was 0.467 S/m. Temperature measurements 

were performed with two fiber optic temperature probes (Luxtron m3300, LumaSense, 

California, USA), one placed at the tip of needle and the second placed on the body, 5 cm 

from the tip. A first set of tests was performed with the shim insert inside the needle in 

two different orientations, perpendicular to B0 (0,0,0 degrees) and parallel to B0 (0,−90,0 

degrees), with the needle located 15 cm to the right of isocenter. An off-center position 

was selected because RF induced heating is known to be higher in off-center positions 

compared to the center of the bore49. The needle was immersed in the phantom for all 

experiments. Temperature was recorded every 10s for 8 mins of 3D FSE and continuous 

2D SSFP imaging (parameters in Supporting Information Table S4-C). Tests were conducted 

under three conditions: No current in the shim coils, 1A in CN0 and 1A in CN90. In 

all experiments, a baseline period of 1 minute preceded the concurrent start of imaging 

and current supply. In a second set of tests, the measurements were repeated without the 

needle, with probes placed directly on the shim coils; probe 1 on CN0 tip and probe 2 

on CN90, 5 cm from the tip. Two sets of reference measurements were also conducted. 

In the first, the temperature probes were placed in the center and off-center positions in 

the scanner without the needle or shim insert, and imaging was performed with the same 

sequences. The second reference measurement was performed outside the scanner. Probes 

were placed directly on the shim insert immersed vertically in the center of the phantom 

and measurements were made with 1A current supplied to the two shim coils individually. 

In all experiments, the temperature was allowed to return to completely to baseline before 

commencing the subsequent run. The final temperature rise was estimated by subtracting the 

average one-minute baseline temperature from the temperature at the end of scanning.

Needle Shimming Experiments—Prior to experiments that demonstrated needle 

shimming, a validation experiment was conducted to ensure that the shim coils were 

producing fields that matched theoretical predictions. Details of this experiment are provided 

in Supporting Information Text and Supporting Information Figure S1. After validating 

that the shim coil fields matched theoretical fields, full needle shimming experiments were 

conducted using Phantom 1 filled with tap water. The experiment was conducted with 

the phantom in two positions, once at the center of the bore, and once 13 cm to the 

left of the central plane to mimic off-center needle positions commonly encountered in 

MR guided applications (Figure 1f). First, the currents necessary to shim the needle at 

four different orientations: i) 0,0,0 ii) 90,0,0 iii) 0,18,30 and iv) 20, −30,0 degrees were 

Sengupta et al. Page 4

Magn Reson Med. Author manuscript; available in PMC 2022 February 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



simulated. The needle containing the insert was then inserted into the water phantom 

through the guide holes in these four orientations and imaging was performed with 3D 

GRE with fieldmapping, 3D FSE, 2D single slice balanced SSFP and single slice multishot 

EPI sequences (Supporting Information Table S4-A). In all orientations, the imaging stack 

was oriented along the plane of the needle bevel. For each orientation, images were acquired 

without and with the precalculated shim currents supplied to the two coils.

The objective of a second needle shim experiment was to assess spatial and temporal phase 

variations around a needle with shimming. Phase stability around interventional probes is 

important in therapeutic applications for treatment monitoring using proton resonance shift 

methods. We assessed this in two orientations, one with the needle perpendicular to B0 

(0,0,90 degrees) and one with the needle parallel to B0 (0, −90,0 degrees). Shim currents 

needed for both orientations were first estimated by simulations. An ex-vivo porcine muscle 

sample was placed inside phantom 2. The needle was inserted into the sample in the two 

orientations and continuous 3D GRE was performed for ~9 minutes and phase images 

were collected with and without shimming (parameters in Supporting Information Table 

S4-B). 1D phase unwrapping was performed in the time and in-plane dimensions using a 

least squares FFT algorithm in Matlab51. To evaluate phase stability, voxelwise standard 

deviations over time of the image phase were estimated from the unwrapped phase images.

RESULTS

Needle Shimming Experiments

Simulations predicted the need for i) 1.17A, 0 A ii) 0A, −1.15 A ii) 0.97 A, 0 A and 

iv) 0.819 A, −0.29 A in CN0 and CN90 coils for the four needle orientations in the first 

experiment. Figure 2 shows images from the 3D GRE acquisitions along with the acquired 

fieldmaps. Significant recovery of the lost signal around the needle is evident in all four 

orientations with shimming using the pre-determined shim currents. The estimated volume 

of the signal void reduced from 8097, 8047, 3324 and 5072 mm3 without shimming to 

2510, 2816, 1428, 1995 mm3 with shimming respectively in the four orientations. This 

represented recovery of 69.0%, 64.9%, 57.1% and 60.6% of the lost signal with an average 

of −63% over all orientations. The true fraction of the recovered signal is in-fact higher since 

the volume of the needle itself could not be accurately estimated and accounted for. The 

fieldmaps show the correction of the underlying ΔB0. Without shimming, there is significant 

fieldwrapping around the needle due to extremely high ΔB0, which is almost completely 

eliminated with shimming. Note also that there is no field information in the areas close 

to the needle without shimming. Furthermore there is a notable ΔB0 gradient around the 

needle even in the areas with apparent high signal before shimming, which is removed by 

shimming. Similar shimming performance was obtained with the phantom in the off-center 

position (Supporting Information Figure S2).

Figure 3 shows balanced SSFP, 3D FSE and multishot EPI images without and with 

shimming. Consistent recovery of signal is evident in all sequences. Balanced SSFP images 

show significantly reduced off-resonance banding around the already minimized signal void 

due to the reduced ΔB0 gradients around the needle. In FSE, the voids (caused by slice 

and in-plane distortions) are minimized to the point of approaching the true needle width. 
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Finally, multishot EPI images also show reduced voids and although not assessed here, it 

is reasonable to expect significantly reduced image distortions with active shimming in the 

areas surrounding the needle void.

Figure 4 shows GRE images, phase maps and phase stability maps from the ex-vivo 
porcine muscle experiment. Active shimming was effective in reducing the signal void 

when the needle was perpendicular to B0 (0,0,90 degrees). When the needle was parallel 

to B0 (0, −90,0 degrees), shimming did not have noticeable impact on the signal void. 

This was expected from simulations based on the chosen coil structure and has been 

discussed in detail in our earlier simulation work47. The phase precision maps did not show 

significant differences between the shimmed and unshimmed cases, apart from the much 

larger uncorrected void in the latter. However, a much steeper phase gradient around the void 

was noted in the unshimmed needle. Reduction of these high background phase gradients 

could potentially make in-vivo phase-difference-based measurements much more robust to 

effects of motion and respiration.

Shim Coil Heating Tests

The results of temperature testing of the shim insert with and without the needle are shown 

in Table 1. With the needle in place, heating in the range of 0.3-2.79° Celsius was observed. 

Higher heating was observed at the tip of the needle (probe 1) than 5 cm away from the tip 

(probe 2). Also, higher heating was observed when the needle was parallel to B0 compared 

to the perpendicular position. Higher heating was also noted with 3D FSE compared to 

SSFP imaging. Importantly, higher heating in the range of 0.1-0.9° Celsius was noted with 

1A shim currents turned on, indicating at least some direct resistive heating of the shim 

coils. When the temperature probes were placed directly on the shim coils, heating in 

the range of 0.36-1.74° Celsius was observed without any currents. Also, higher heating 

was noted with 3D FSE than SSFP. Both of these results indicated transmit RF induced 

temperature rise of the conductive shim wires. Additionally, introduction of 1A currents 

again led to higher heating in the range of 0.2-0.9° Celsius.

DISCUSSION AND CONCLUSION

In this paper, we have presented the first experimental demonstration of an actively shimmed 

metallic needle for use in an MRI scanner. In the sections below, we discuss some of the 

possibilities, challenges and potential solutions to translating this technique.

The fields generated by the shim insert matched the simulated fields well in general. 

Slight deviations could be attributed to inaccuracies in manual coil fabrication, which may 

be alleviated with mechanized fabrication processes in the future. While we employed a 

titanium needle here, shimming is expected to work for stainless steel needles as well, albeit 

with higher currents. Simulations predict that full, unconstrained shimming of a 14-gauge 

stainless steel needle at 3 Tesla would require ~3.3 A compared to ~380 mA for titanium. 

A potential benefit of shimmed needles is the ability to control artifact size by adjusting 

the shim currents, which might aid in needle visualization. Such technology based on DC 

currents has been explored earlier for visualization and tracking of catheters52-54. For real 
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time tracking of needle orientation and adaptive needle shimming, optical or RF based 

needle tracking techniques can be integrated55,56.

One design challenge in this technique is the space inside a needle and whether shim 

conductors might be incorporated with minimal compromise on the core function of the 

device. For probes with working central channels, shim inserts with flexible printed coils 

mounted on thin wall hollow tubes could be conceived that leave the central working 

channel open57. Alternatively, shim inserts that are retractable can be designed. The shim 

insert in this work did not exhibit noticeable torque when operated in the scanner’s bore. For 

larger diameter inserts or for inserts requiring more current, torque balanced designs with 

reversed directions of the shim coils in the upper half of the needle could be conceived.

The biggest challenge in this technology is ensuring safety. There exists a hazard of electric 

shock due to current leakage from the shim coil to the needle metal and the body. To 

address this, the insert can be designed such that the shim wires are fully embedded in an 

insulating substrate, so that the shim coils never come in contact with the metal. Also, a 

shunt resistor-based detection circuit can be integrated to detect current leaks in the metal 

and switch off the circuit. Additionally, a current stepping protocol could be followed in 

which the current is stepped to an initial test level calibrated to trip the circuit in case of a 

leak, prior to ramping to the required level for shimming. A second safety concern is the 

possibility of arcing between the shim coils. Given the relatively low voltages required to 

drive the shim currents, (the coils here required 2.2 V), and the high dielectric strengths of 

3D printed resin in the range of 20-40 KV/mm58, arcing is highly unlikely. Additionally, 

MRI compatible lithium-ion batteries could potentially be used to power the shim coils 

and eliminate the cabling from the needle to the power supply, which would further reduce 

the voltage demand and risk of arcing. A third issue that has been explored in this work 

is shim insert heating. In our experiments, we recorded up to 0.9° Celsius of additional 

temperature rise due to the shim coils using 1A current supplied over 8 minutes via fairly 

large 26-gauge shim wires. In higher gauge wires for finer needles, resistive heating is 

expected to be higher. Given the possible variations in device and shim coil geometries, it 

would be therefore important to assess heating in a device per device basis. In summary, 

some important safety concerns do exist with this technique, and more work is needed to 

fully evaluate these risks and design protection strategies. Nevertheless, the method could 

find applications in the near term in phantom and ex-vivo studies for the development of 

interventional devices, robots and MRI sequences and in-vivo animal studies where the risk 

criteria might be different.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Active shimming hardware (a) Selected 2 coil shim paths. CN90 (red) is a 1/2 turn angled 

loop and CN0 (blue) is a split tip double wire loop. The needle tip is at −10 mm along 

the X axis. Inset: Definition of needle orientation and rotations in the magnet frame. (b) 

Shim insert design with bevel and orthogonal slots for shim wires (c) Shim insert inside 

the titanium needle (d) Needle placed in holder with compartment for electronics and shim 

connections (e) 2D printed phantoms with guide holes at different angles. Phantom 1 was 

water-tight with no holes on the sides. Phantom 2 had a screw top for placement of samples 

and side insertion guide holes (f) Position of the phantom and needle for the calibration and 

shimming experiments. Needle is shown in the 0,0,0-degree position.
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Figure 2. 
Results of Needle shimming. (a-h) 1 x 1 x 1 mm3 3D GRE images and fieldmaps showing 

results of active shimming. Excellent recovery of lost signal is achieved in all orientations 

using pre-estimated shim currents. The width of the signal void approaches the needle width 

in all cases. Fieldmaps show correction of the underlying ΔB0. Without shimming, field 

wraps are observed closed to the needle due to extreme ΔB0 values, which is corrected with 

shimming. Also, regions closest to the needle with field information in the ‘Wth Shim’ case 

have no corresponding data in the ‘No Shim’ case due to the signal loss.

Sengupta et al. Page 13

Magn Reson Med. Author manuscript; available in PMC 2022 February 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Results of active shimming in 1 x 1 x 2 mm3 Balanced SSFP, 1 x 1 x 1 mm3 FSE and 2 x 

2 x 2 mm3 3 shot EPI images. Recovery of lost signal is achieved in all sequences and all 

orientations. Balanced SSFP images show reduced off-resonance related banding. The void 

in the FSE images approaches the true width of the 4 mm needle after shimming.
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Figure 4. 
Results of the ex-vivo porcine tissue imaging experiment. Magnitude, unwrapped phase and 

standard deviation maps of the phase over all time points for needle in two orientations. Also 

shown are profiles across the phase maps. In the perpendicular orientation (0,0 90 degrees), 

needle shimming reduces the signal void significantly. Also, the phase profile shows a sharp 

gradient in the region outside the already larger signal void without shimming, which is 

reduced with shimming. Shimming does not reduce the signal void noticeably when the 

needle is parallel to B0 at (0,−90,0 degrees), indicating that the shim coil tip design for this 

insert was not optimal for parallel orientations. Slight flattening is however noticed in the 

underlying phase profile
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Table 1

Results of heating tests of the needle shims at a position 15 cm right of isocenter in two orientations, 

perpendicular to B0 (0,0,0 degrees) and parallel to B0 ( 0,−90,0 degrees) (A) With shim insert inside needle 

(B) Only shim insert, without the needle, (C): In-scanner Reference with no needle or shim insert, (D) On 

the bench, outside the scanner with temperature probes directly on shim coils and the shim insert immersed 

vertically at the center of the phantom.

A. Temperature Rise in °Celsius With Needle (Probes on Needle Surface)

Angle 3D FSE Continuous 2D SSFP

No Current 1A in CN0 1A in CN90 No Current 1 A in CN0 1 A in CN90

P1 P2 P1 P2 P1 P2 P1 P2 P1 P2 P1 P2

0,0,0. (Perpendicular to B0) 1.50 0.30 1.60 0.50 1.50 0.76 0.60 0.30 0.80 0.60 0.90 0.70

0, −90,0. (Parallel to B0) 1.90 0.90 2.79 1.47 2.00 1.00 1.17 0.51 1.40 0.79 1.34 0.63

B. Temperature Rise in °Celsius Without Needle (Probes on shim coils directly)

Position Angle 3D FSE Continuous 2D SSFP

No Current 1A in CN0 1A in CN90 No Current 1 A in CN0 1 A in CN90

P1 P2 P1 P2 P1 P2 P1 P2 P1 P2 P1 P2

0,0,0. (Perpendicular to B0) 1.67 1.74 2.34 2.60 2.20 2.49 1.63 1.29 1.9 1.46 1.76 1.60

0, −90,0. (Parallel to B0) 1.44 0.43 2.34 1.24 2.04 0.76 1.14 0.36 1.70 0.6 1.51 0.70

C. in-scanner Reference
No needle or shim Insert, No Current
P1 at center, P2 at off-center position

D. Phantom On Bench Reference
Probes on shim coils.

3D FSE 2D SSFP 1 A in CN0 1 A in CN90

P1 P2 P1 P2 P1 P2 P1 P2

0.20 1.11 0.20 0.39 0.21 0.23 0.27 0.40
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